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INTRODUCTION

Modeling of radiation absorption processes in plasmas require
investigation and computation of a large number of atomic processes
contributing to such absorption. Bound-bound phototransition (or
photoexcitation), bound-free (or photoionization) and free-free (or inverse
Bremsstrahlung) photoprocess, as well as Thomson and Compton scattering of
radiation and electron conduction of low energy radiation are some of these
processes. This report deals with the investigation, modeling and computation
of these atomic processes in plasmas.

Depending on the plasma density and temperature, several different
effects need to be systematically investigated and modelled. The bulk of
theoretical and experimental atomic data available in the literature is limited to
isolated neutral atoms. Depending on experimental conditions, plasma ions
can be ionized to a different degree of ionization. The atomic data for highly
charged ions, as occur in high temperature Takamak plasmas, astrophysical
plasmas! or X-ray laser plasmas are quantitatively very different from those for
neutral atoms. Also, at higher plasma densities (and for comparatively lower
temperatures), plasma screening effect causes ionic energy levels to shift
significantly (particularly the upper levels) and modifies the effective jonic
potentials so that the various atomic processes can be significantly altered.
Atomic data for isolated atoms or ions are no longer valid for these dense
plasma conditions. Realistic modeling of atomic processes are therefore
required for dense plasmas. In addition, broadening of ionic spectral lines also
occur at higher densities (such as in ICF plasmas) which influence radiation
absorption processes. Line broadening is temperature sensitive as well.

At extremely high plasma densities, such as in superdense ICF pellets or
in astrophysical plasmas (interior of White Dwarfs, for example), processes
such as Compton scattering of radiation, as well as electron conduction of
radiation becomes important for overall absorption processes and opacities. |
For plasmas in those conditions, these processes therefore need to be

incorporated in the modeling.




The modeling and computation of radiation absorption coefficients and
plasma opacities are required inputs to overall radiation hydrodynamic
simulation of plasmas in a variety of laboratory and astrophysical conditions.
We are concerned with low to fairly high-density plasma$ as occur in
laboratory discharge tube plasmas, Z-pinch plasmas, Takomak plasmas, X-ray
laser plasmas, wire-imploded plasmas, ICF and laser imploded plasmas, and for
some astrophysical plasmas, such as outer layers of White Dwarfs. The atomic
data for radiation absorption are essential ingredients for radiation transport
simulations, as well as overall radiative (and spectroscopic) studies of plasmas
in above mentioned experimental conditions.

The effect of plasma density and temperature on atomic processes has
been treated in the past by 'average atom models' (AAM's).# (The Thomas-
Fermi-Dirac modell3:14 is one of the widely used AAM's). However, there are
well-known serious shortcomings of the AAM's. These models assign
fractional occupation of bound electronic states and thus lead to fictitious
atomic structure. The AAM's do not, therefore, generate accurate data.

For accurate calculations of atomic processes for ions in dense plasmas,
the correct treatment of plasma density and temperature effects on the atomic

structure of multielectron ions of specific configuration is of central

importance. The specific ionic configurations with integral occupation of
bound electronic states need to be considered in order to obtain realistic atomic
structure. Screening by plasma electrons has to be treated in a fully non-linear
fashion (since Debye-Huckel screening is known to be grossly inaccurate for
dense plasmas). Screening by both bound and free electrons has to be
considered in a self-consistent way. Degeneracy effect and many-electron effect
such as exchange-correlation interaction need to be accounted for in the model.
Depending on plasma conditions, the effect of strong-coupling (i.e. when
Coulomb interaction dominates over random thermal motion) needs to be
taken into account. _
The main objective of the present work is to incorporate these effects
systematically in the models and the relevant computer codes in order to have

the capability of generating realistic atomic data for various processes
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contributing to photon absorption. The bound-free (photoionization), the free-
free (inverse Bremstrahlung) and the bound-bound (photoexcitation) atomic
processes arc of parricular interest in this context. The improved models and

the various computer codes would be useful tools for such calculations later on
particularly for moderately high electron density range (~1023-10%* e/cm3) and
relatively lower temperature range (~10-200 eV.....) where 'average atom' type

models are known to be inadequate.




L ATOMIC MODEL FOR IONS OF SPECIFIC CONFIGURATIONS IN
FLASMAS

For a given ion immersed in a plasma of mean electron density p, and
mean ion density p, at temperature T, we have a coupled system of equations

for electrons and ions to solve. For electrons, we have,

[""ivz'*‘ Vz G?)J 43.; (F’) = 61', 4’,,(?) (1)

with

(¥ = Vo (R, 1-2)

0 2

2 (24 +1) J Ak K f(R)| 4 @] Fo
V=0 0
and for ions
v —Ve/ Rg'T I-(4)




with
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These coupled equations are solved self-consistently. In equation I(1)-
1(5), p,(f) and p, (r) are the electron and ion distribution, Z is the mean ionic
charge (Z=2Z - n,) the number of bound electrons. R is the radius
(approximately the ion sphere radius) over which charge neutrality is achieved.
f's are the occupation factors. For ion of a particular configuration, f,'s are
integral occupation factors for the bound states of the ion. In contrast; for
‘average atom model’, the f's are taken to be Fermi distribution functions with

fractional occupation, ¢,'s are the bound and ¢,,'s are the continuum

wavefunctions of energy k?/2 and angular momentum 1. The exchange-
correlation potential is denoted by V, . It depends on the plasma density and
the temperature and is calculated 23 separately by summing up the exchange
and "ring" diagram sums and then used as input to subsequent calculations in
eq. I(1)-1(5).

Let us point out that the effective ionic charge Z(=Z-n_, n_ is the
number of bound electrons) is an essential ingredient to the calculation. In our
model, an 'average atom' model-type calculation is done first to generate 7.
For this; equations I-(1) through I-(5) are solved numerically to self-consistency
with fi's and f(k)'s in eq. I-(3) taken as Fermi functions (i.e. fractional
occupation numbers).

Once Z is generated from self-consistent 'average atom' type model as
outlined above, it is then used as input to subsequent iterative calculation.
Thus, eq. I-(1) through I-(5) are solved numerically to self-consistency with f's

taken to be integral occupation factors corresponding to the ion of specitic




configurations, (for example, for Ne-like ground state: 152282 2p% f, 's are 2
for 1S-state; 2 for 2S-state and 6 for 2p-state). This is the important difference
between our model for ions of specific configuration and the 'average atom”

type model?.

Once the self-consistent potentials for ions in plasmas are obtained, the
bound-free, bound-bound and free-free cross sections can be computed by
generating the relevant numerical bound and continuum wavefunctions first
and then computing the relevant matrix elements. These photoprocesses will

be outlined in the next section.
II BOUND-BOUND PHOTOPRUOCESS

For absorption of a photon of energy o in a spectrum line so that an

electron makes a transition from one ionic state x, to another x,:

N, +ho — Xy, (11-1)

the photon frequency is close to the line-center frequency o,

-h(aoo = Eb — Ea_ (1I-2)

The contribution to the monochromatic opacity K  due to (II-1) is:

K@ b>.-2”— o by, @

where N_ is the number density of ions X_, ¢, is a profile factor normalized to:
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S ¢,des =1 (11-4)

and f (b,a) is the oscillator strength given by?:

S(b, a)
3 Ja

(I1-5)

2m
b, Q) = =-— (o)
:F ( ) Q.,h

where S (b,a) is the line strength:

S(b, ) =I<b"'D"0L>]2 (11-6)

with the operator D is dipole operator.
If the bound-state wave functions (numerically generated from the self-

consistent potential) are represented as:

W\,m (7) = Yl _ (:{‘.) 73 ff‘) (11-7)

where V| (t) is the spherical harmonic. Then,
s(Lv) = 3 \Km| #10w | "
mm’/ .
= Z I(\'m I Y‘g)l l,"m'>'

™mm’q (11-8)

= L5 [JFLPL' r A‘”]Z

Where 11" are the angular momentum values; m,m’ are the Z components and

1> is the greater of the I values considered.




I BOUND-FREE PHOTOPROCESSES (PHOTOIONIZATION)

For photoionization; we replace . by \T/l,m, defined by:

= J—% va: ('?)'? F-hrbl(r) (III-1)

with

) -y —1; Sin (K 1‘+---~) (ﬂI-—Z)

e

Py UF

for normalization condition for y,, .is
~ ~
’
(Coclfoer i =t

and

By | e ? = 36

The oscillator strength for photoionization is given by:

df _ 4 , d (I11-4)
A" 3n (2L+l)Z-UF e Y r]

v FREE-FREE TRANSITIONS

To obtain the oscillator strength df/dE for photoabsorption of one

photon  in the field of an ion in a plasma of electron density N, of mono-




energetic electrons, we replace y,, . in the expression for bound-bound by v, .
and vy, by \T;,mk which represents the Im component of the total function

describing the flux of eiectrons having momentum k. For isotropic

distribution of velocities, such function has the asymptotic form

(E.¥
Yy — —4—%N¢, e (if yV-s0) V-

(and an analogical expression for Coulomb Field).
It can be shown that, the oscillator strength for the free-free process is given by:
(see Appendix I for a proof)

d | >
a_g = lgé NC ‘E"" Uhl’ k,u-— dY‘] (Iv-2)




Vv MODEL FOR DISTRIBUTION OF IONIC SPECIES IN PLASMAS

For calculation of overall radiation absorption and opacities, it is
necessary to know the distribution (i.e. number densities) of ions of different
types that occur in plasma at a particular density and temperature. It is possible
to obtain these distributions from detailed rate equation calculations. The
computation involved in rate equation solution is time-consuming, complex
and tedious. Here we discuss an alternative approach. This model is based on
the density functional method, following Perrot.8 This ‘- outlined below to
point out specific aspects of the calculation involved.

Opacities of plasmas have often been calculated using 'average atom'
model (AAM) for ionic species. The AAM, however, deals with fictitious
‘average atom' with fractional occupation of electronic bound states. In a real
plasma, a number of different ionic species are usually present in various
abundance.

Let us first consider the total energy of an ionic species defined by the
configuration of the bound spectrum and a screening charge of free electrons in
LTE. The fixed integer occupation numbers of bound electrons are n.'s while
the fractional occupation numbers of free electrons are denoted by f,'s. The

total energy considered here is that of embedding the atom in the plasma:

AE (....ﬂ,-_....)::E(....'ﬂ;'..--)—-E[F] (V-I)
where E (p) is the unperturbed electron gas energy. One can show that

20
2 dn,_ k?
AE (....n,-_, ) = Z:_ﬂ; € + = %QLLH)J.& -IE—I dx

+ <P ot (R =P 1 L A-PIF o (Rrfim P2
+ €2 (f) = <P [ Voe (o) +Waer (o, PI1 > +

-10 -




En () — Exe (P) = LA Vs ()Y - Lo+ VR (P)>
3 2¢_ [Z— "Zc] (V-2)

In (V-2); the notations
{537
fo3

I

[$@) @47
[$GED Y(R-F) e

\

and

(convolution product)
have been used.

In (V-2), p, is the bound and p; the free electron density, 1, the phase of
the continuum electronic states, p the mean electron density of the plasma; E

is the exchange-correlation energy, and W, is the bound-free exchange-
correlation potential.

Next, consider the transition of an electron from initial state i to final

state j in the bound spectrum. The change in the total energy of the species
associated with the transition is

SEZ‘ (“"J) = AE—(----'YIL:O, ...'nj.-.':!,..)

-AE(.-

—

L'_l)

...nJ.—,-o,...)(v-s)

In above, Z* refers to the ionization degree of the specics. Energies in eq

(V-3) are defined by cq. (V-1). The 'transition-state’ theory of Slater is utilized
in the calculation here.

It improves on the AAM which has been used often to
obtain the average degree of ionization in a plasma

In a plasma of different ionic species, let us consider the most abundant

species with a given ionization degree Z*. The energy of this one, which has
the configuration <...n;

> is chosen as a reference. The total energy of another
species with the same 2* but a different configuration

n,...} can be shown to

11 -




be:

¢
Abgs (-~ Mig) +5 Eip¢ ANy + 0(4n™) (V-4)

where Z¢, . is the modified effective energies of the referenced species,
provided that

Z_Am =Z(’h£ — Y‘Lo = 0 V-5

bound bound

The system can now be interpreted as a collection of independent

pseudoparticles, distributed among states of energy €,,.. The average

iz*

occupation numbers for the species will be given by FD statistics,

T= /{1 exp L8 (e~} o

W+ is our effective chemical potential for the bound pseudoparticles, to be
determined from

Z;’l—i = Z- Z" . (V-7)

Equations (V-6) and (V-7) thus fully define the average species for the
ionization degree Z*. Finally, the probability of a Z* species is given by

Pz» = A exp (—- B Fe) (V-8)
where F,, is the effective free energy which can be obtained from the AE,,

-12.




(...n,...) discussed above and the entropy of the bound pseudo-particles.

Szd- = - KB Z[‘ﬁ‘ lm-ﬁ._ +(\—ﬁi) lﬂ‘b(l—ﬁtﬂ (V-9)

In (V-8), A is a normalization constant such that Zpye =1, the sum running

over all integer ionization states,

and

qu = AE,, ( M) = TSge = TAS [ﬂ]

(V-10)

is the effective free-energy determining the probability via eq. (V-8).

As an example of the application of this model8, consider probabilities of
various ionic species in the Aluminum plasma at temperature 100 eV and
electron density of 4.8 x 1023 cm™3. The average atom model gives the average
ionization degree for the plasma in the above condition as 7.9. This indicates
that the effective ion charge Z* = 8 (i.e. ions with 5 bound electrons or Boron-
like ions) will have the highest probability of occurrence. This is confirmed
from the calculation using the above model®: P, is highest for Z* = 8 and
drops off rapidly for lower and higher Z* ionic species. The relative
abundances of ions of different species in the Al-plasma at the above density
and temperature are thus obtained.

It is seend that for the above plasma conditions B-like Al is most
abundant, followed by Be-like, C-like, O-like, Li-like ions etc. in decreasing
order of relative abundances. Thus the model discussed above provides an
useful tool to generate the number densities (or abundances) of different ionic
species in a plasma. These data are necessary for subsequent computation of
radiation absorption in a plasma.

Note that the distribution of ionic species in plasmas are usually
obtained by solution of rate equations. The rate equation method, however, is

-13 -
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very complex, tedious and time-consuming. In view of the advantages of the
model discussed above, we are in the process of building a computer code in

order to generate the ionic distribution in different plasma conditions.

-14 -




VI ELECTRICAL CONDUCTIVITY IN HOT DENSE PLASMAS

Electron conduction is important in absorption of radiation from lasers
because low frequency inverse bremsstrahlung is essentially the same as Ac
joule heating. Emission of visible and ultraviolet light (and generation of
magnetic field) also involve electron current flow. Electron heat conduction is
an important limitation on thermonuclear burn and is particularly important
in laser-target ablation. The energy transported by electron conduction, in turn,
determines conductive opacity.

In this section, we discuss a model to compute electrical conductivity (or
resistivity) of dense plasmas. Various methods, such as Kubo approach or
Boltzmann transport eqn. method has been used by different groups to obtain
electrical conductivity7 (or resistivity) in plasmas. A successful approach is via

Ziman formula® which is essentially a variational solution to Boltzmann eqn.

Following Perrot and Dharma-Wardana®, the method we will discuss here is a
generalization of Ziman formula using density functional method. This
extends the applicability from the usual weak-isolated-scatterer limit to the

regime of strong multiple scatterers, as is important for high density plasmas.
a) REGIME OF ISOLATED SCATTERERS

The most familiar form of Ziman formula applies to plasmas and liquid
metals in regime of weak and strong but isolated scatterers. The resistivity R is
given by,

2K

fdef@) dq,94°S(9) e (9)

[~

R=

where @2 = 2k? (1-Cos 6). Here q is the momentum transferred from tue
incident electron with energy € = k?. The derivative of the Fermi distribution

function for electrons at a mean density n =Z p is denoted by f{(€). The mean

-15 -
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ion density is p . The ion distribution is specified by the structure factor S(q).

The differential scattering cross-section o{q) depends on the incident electron

momentum k and the transferred momentum g. For strong scatterers o{q) has
to be obtained from the phase shifts of V.

In the weak isolated scatterer limit, the Born approximation may be used
to obtain o{q):

ola)= IV, (q)/4n e(q)? (VI-2)

In above V,(q) is the weak electron-ion interaction, and €(q ) is the exact
interacting uniform electron-gas dielectric function at a density n and
temperature T. The density functional method outlined previously is capable
of generating €(q,n,T.) also.

The ion-ion structure factor S{q) (VI-1) is determined by the ion density
p, temperature T, and the ion-ion pair interaction V;(q). In the DFM model of
calculation for single ions immersed in an electron gas, the Kohn-Sham
equations are solved numerically for continuum electron states ¢, (r ) which
incorporates the appropriate phase shifts §, (k). At self-consistency, the phase
shifts satisfy the finite temperature version of the Friedel sum rule, thus
assuring the correct construction of the continuum electron density of states as
modified by the scattering potential. The scattering cross-section is given in
terms of the phase shifts by:

=1 7 (2t+) (e? Hto |) P (Cos 9,«'){;;3)
2ik Y Y
The scattering angle 8 and the momentum transferred

q= K - k is related by

-16 -




For elastic scattering k2 = k=g

b) THE REGIME OF STRONG MULTIPLE SCATTERERS

The ion-ion interactions in this regime cannot be treated as a sum of
independent scattering centers, either for weak or strong scatterers. Thus, the
electron is scattered from a given quasi-static ion distribution consisting of
many centers. For a definite configuration C of ions, the resistivity can be

written as :

” 2K
Re=t Pe ”’(s)jd 37¢ ()
31(&7’?\20 ¥ ) 22T (VI-5)

In the DFM method, the T-matrix for the given a configuration C is
approximated by T,,. where T, {€) is calculated from the average-ion
distribution p (r). The total T-matrix of the average distribution T, {€) is
obtained from the phase shifts A, (k) of the Kohn-Sham equation solved in the
external field of the scattering ion and its associated distribution p (r). In the

isolated scatterer limit,

T . € — 7 (BRI HRE D)

In general, the modified fermi function f in eqn. (VI-5) needs to be

calculated from one-particle Green's function-with self-energy correction.

-17 -




Perrot et al® have shown that eqn. {VI-5) can be simplified to

oo 2K
R=_h — fale JC'CE) dq, @3 T(9) (VI-7)

3n%e n
0

for strong multiple scatterers.

It is clear from above discussion of the model that the structure factor

S(k) and the T-matrix of the average-ion distribution T, (€) are crucial
ingredients in the calculation of resistivity of dense plasmas inclusive of strong
multiple scattering effect. In our self-consistent calculation, we can generate
the structure factor by taking fourier transform of pair correlation function

which, in turn, is generated from charge distributions obtained self-

consistently. The phase shifts A, (k) in the field of the scattering ion and its
associated distribution p (r) can also be generated by our atomic codes. We are,
therefore, in a position to utilize the model discussed above to calculate
electron conductivity inclusive of multiple scattering effects. Let us note that
the energy transported by electron conduction, in turn, determines conductive
opacity. However, conductive opacity dominates over radiative opacity only at
super high densities (i.e. for extremely degenerate plasmas). For most

laboratory plasmas, conductive opacity is small compared to radiative opacity.

-18 -




RESULTS

The calculations for the atomic processed contributing to absorption of
radiation involve development of several computer codes. A large part of the
work for the project involved development, modification, testing and
benchmarking a set of computer codes for different plasma conditions.

For the project, the following set of codes were either set up or modified
according to the models discussed in the preceding sections:

1. An 'average atom'’ code for dense plasmas according to the prescription

of finite temperature density functional method!1 (This is very similar to the

model used by Liberman19),

2. An atomic structure code for isolated multielectron ions of specitic
configurations.
3. A self-consistent atomic structure code for multielectron ions of specitic

configuration immersed in a plasma. This includes plasma screening and
other effects discussed in Section I.
4. A code to compute bound-free photoionization cross-sections tor isolated
ions. (Also a relativistic photoionization code applicable for high Z-clements).
5. A code to compute photoionization cross-sections of ions of specitic
configuration inclusive of dense plasma effects.
6. A self-consistent code to generate free-free photoprocesses for ions of
given configuration inclusive of plasma effects. Full numerical continuum
wavefunctions in self-consistent potentials are used in calculating matrix
elements for free-free transitions in this code.
7. A code to compute bound-bound photo-excitation cross-sections for ions
of specific configurations inclusive of plasma effects.

For a given plasma condition (i.e. at a given density n, and temperature
T, first a self-consistent calculation using 'average atom' code is done to obtain
the effective or 'average' ionic charge Z. This is then used in subsequent
calculations. For an ion of specific configufation immersed in the plasma ot
the above density n, and temperature T, the self-consistent code described in

Sec. I is used to generate energy levels, wavefunctions, self-consistent ionic

-19-




potentials and other quantities. Then calculations for bound-bound
photoexcitation, bound-free photoionization and free-free photoprocesses are
done utilizing the numerical wavefunctions etc. The free-free cross-sections
for an ion are calculated for various angular momentum states (l-values) for a
given photon energy. The allowed transitions are, of course, between
continuum states of angular momentum I and 1+1). All the contributions
from different 1 values are summed up to obtain the resultant oscillator
strength of df/dE.

For purpose of illustration, we now discuss some representative results.

Results are tabulated for self-consistent calculations of aluminum plasma at
electronic density n, =2.2x102 ¢m-3 and temperature T = 50 ¢V. Computed data
for bound-free oscillator strengths (Ryd™!) for photon energies in the range 0.01
- 100 Ryd. are tabulated in Tables 1-3 for Ne-like ion (182 252 2p®) in the plasma
in above condition. Table 1 is for photoionization from 1S-state, Table 2 for 2S-
state and Table 3 for 2p-state. The typical variation of bound-free oscillator
strength is seen to be a rapid rise from threshold, going through a peak, then a
sharp decrease followed by a gradual decrease with increasing photon energy.
This is seen clearly from Fig. 1. Results for other types of ions: 1S* 252 2p?
(Tables 4-6); 152 252 2p* (Tables 7-9); 152 252 2p® 3S (Tables 10-12) in Aluminum
plasma at electron density n_ =2.2x10?® c¢m3 and T = 50 eV over the range of
photon energy 0.01 - 100 eV are also tabulated.

The oscillator strengths for free-free photoprocesses for Ne-like Al in an
Aluminum plasma n_ = 2.2x102 ¢m3, T = 50 eV for a set of photon energies are
given in Tables 13-20. Full numerical continuum wavefunctions in self-
consistent potentials are used in evaluating the allowed | — (I£1) transitions
and eqn. (IV-2) is used in calculating the matrix elements for oscillawor
strengths for a range of incident electron energies. This method of calculating
free-free cross-sections clearly is an improvement over semi-classical
approximations such as Born-Elwert method!2. For purpose of comparison,
results of free free calculations using unscreened Coulomb potential for Ne-like

Al (instead of self-consistent screened potential) are also given. The computer
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output for free-free cross sections display the relevant matrix elements for
different | values. For each photon energy, oscillator strengths are shown in
the computer printout for a set of incident electron energies E. 's. The E,'s
considered are 1.0, 2.0, 5.0, 10.0, 20.0, 30.0, 50.0 at units. The large difference in
oscillator strengths for the same photon energies for self-consistent results with
those of unscreened Coulomb potential show the importance of including
plasma effects appropriately in the calculations.

As an example of a typical bound-free calculation, a sample computer
output of photoionization from 1S-state of Ne-like Al in Al plasma is attached.
The self-consistent potential is supplied as input. The output shows some of
the radial mesh points and the corresponding potential, the iterative process
(by Numerov method) of solving the energy eigenvalue of the 1S-state. For
cach photon energy, the corresponding bound-free matrix element and the
cross-section is computed and tabulated. The data corresponds to those of
Table 1.

As an example of the codes used for the calculations, the listing of
FFNEW.FOR for generating free-free oscillator strengths for 1— (1+1)
transitions is also attached. Again, self-consistent potential for an ion in a
plasma is fed in as input read by subroutine VREAD. OMEGA is a typical
photon energy in atomic units, FFOSC is the oscillator strength summed over
all continuum states. Numerical derivative of the potential is used in the
calculation of matrix elements. The associated subroutines DIFF.FOR and
SIMP.FOR are also attached. DIFF generates the numerical continuum
wavefunctions. Minor changes are needed in FFNEW.FOR for calculating
I— (I-1) transitions for different photon energy OMEGA. The incident electron
energy EIN is read in; EOUT is the outgoing electron energy (EOUT = EIN +
OMEGA).

For overall calculations of opacities, other effects such as line broadening
and scattering of photons need to be properly included in the calculation. We
are in the process of building up the necessary computer codes to combine these

effects in the overall computation of radiative opacity of dense plasmas.
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CONCLUSIONS

A number of self-consistent models and computer codes have been
developed which are very useful for investigating the large number of atomic
processes contributing to radiation absorption in dense plasmas. The
important effects arising in dense plasmas -- non linear screening, electron
exchange-correlation and degeneracy, strong ion coupling etc. are systematically
included in these models. These are applicable to ions of specific

configurations in dense plasmas and thus represent improvements over

average atom models. These methods are particularly useful in moderately
high densities (~10%* - 10%* e/cm3) and relatively lower temperature range
(~10 eV-200 eV) where average atom models are known to be inadequate.

A large number of atomic processes contribute to radiation absorption in
plasmas. Most of the work for this project dealt with bound-bound, bound-free
and free-free photoprocesses for ions in dense plasmas. The self-consistent
calculations are involved and time-consuming (particularly since the VAX-
8350 is the only computer we could use for this project and we did not have
access to Cray, for example). For overall calculation of opacities in wide range
of plasma conditions, vast atomic data bases need to be generated involving
enormous amounts of computation. We hope to address those tasks in future

years.

This work was supported by the Air Force Office of Scientific Research
ACKNOWLEDGEMENTS

The author wishes express sincere thanks to Dr. Robert ]. Barker, AFOSR,
for sponsoring this work, and to thank Dr. Milan Blaha of the University of
Maryland ror useful discussions and his assistance in computational work.
Thanks are also due to Mrs. Karla Walker of SFA for VAX-8350 systems
support, and Mrs. Renee Knoch of SFA for putting this Final Report together.

-22 -




10.

11.

12.

13.

14.

REFERENCES

See, for example, J.P. Cox and R.T. Giuli, "Principles of Stellar Structure"
(Gordon and Breach Science Publishers, New York) (1984).

U. Gupta and A.K. Rajagopal, Phys. Rev. A 22, 2792 (1980).

E. Perrot and M.W.C. Dharma-Wardana, Phys. Rev. A 30, 2619 (1984).
For a review, see, for example, R. More in "Atomic Physics In Inertial
Confinement Fusion,” Univ. of California Report No. UCRL-88511
(1982).

F. Perrot and M.\W.C. Dharma-Wardana, Phys. Rev. A 36, 238 (1987).
J.M. Ziman, Philos. Mag. 6, 1013 (1961).

George A. Rinker, Phys. Rev. B 31, 4207 (1985).

E. Perrot, Phys. Rev. A 35, 1235 (1987).

M.]. Seaton, J. Phys., B. 20, 6363 (1987).

D.A. Liberman, Phys. Rev. B 20, 4981 (1979).

U. Gupta and A.K. Rajagopal, Review Article in Physics Reports 87, No. 6
(North Holland Publishing Co., 1982.

L.P. Grant, Proceedings of Royal Society, No.3, 118, 241 (1958).
R.P. Feynman, N. Metropolis and E. Teller, Phys. Rev. 75, 1561 (1949)

R.S. Cowan and J. Ashkin, Phys. Rev. 150, 144 (1957).

.23 -




APPENDIXI
FREE-FREE TRANSITIONS

For deriving eqn. (IV-2) we write the wave function as:

7= N Z(zm)«'fa(ﬁ-?) < —F’—‘i
- & Z(zm)& 4 7_Y (R) Y, () K™ Fi

2.le

Therefore

— t % 0 A "'/1_ FL
p o, = AN i Yo Y, (F) T e

mK

Total oscillator strength per ion is equal to the sum of all possible

contributions:

af 2

T 30 ) J‘<“’ | ¥ I“fvm'k?‘ Ak
LUmm’

V. does not depend on direction K’ of the scattered electron, the averaging

over angles gives just the form of y used here, o is the photon frequency.

Since

(Y @Y, R4k =)

df
Y:

255 4nNe R 2|<m| V|
’ ' - 2
Wwm * [JFI;LY‘ Frs d’f‘]

'—36- N, K' & Z__ N H Fa ¥ Feow "‘"]2-
XY
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Since
dV
‘j‘ FILIY' \" \jKl 'l d..rOl‘f\,
we have
dv
éf_ — .__é. ‘ kb k'L ‘.‘ AT

This proves eqn. (IV-2).
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TABLE1

OSCILLATOR STRENGTH FOR PHOTOIONIZATION FROM 1S-LEVEL
Ne-LIKE aL:  18% 252 2P6 '

ELECTRON DENSITY=2.2E+23 TEMP=50 EV

PHOTON ENERGY(RYD) OSC.STRENGTH( 1/RYD)
0.01 0.2729E-02
0.02 0.1053E-01
0.03 0.1829E-01
0.04 0.1983E-01
0.05 " 0.18108-01
0.10 0.1084E~01
0.20 0.7484E-02
0.50 0.5958E~02
1.00 0.5477E~02
2.00 0.5295E-02
5.00 0.5059E-02

10.00 \ 0.4698E~02
12.00 0.4563E~02
15.00 0.4371E~02
20.00 | 0.4069E~02
30.00 _ 0.3530E~02
50.00 0.2682E~02
100.00 0.1485E~02




TABLE 2

OSCILLATOR STRENGTH FOR PHOTOIONIZATION FROM 2S-LEVEL
2
NE-LIKE AL: 8% 25% QPG

ELECTRON DENSITY=2.2E+23  TEMP=50 EV

PHOTON ENERGY(RYD) 0SC.STRENGTH(1/RYD)
0.01 0.9451E-02
0.02 0.3644E-01
0.03 0.6331E-01
0.04 . 0.6857E-01
0.05 0.6257E-01
0.10 0.3740E-01
0.20 0.2569E-01
0.50 0.2018E-01
1.00 0.1814E-01
2.00 0.1679E-01
5.00 0.1419e-01

10.00 0.1098E-01
12.00 0.9983E~02
15.00 0.8713E~02
20.00 0.7046E~02
30.00 0.4814E-02
50.00 0.2552E-02
100.00 0.8175E-03
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TABLE 3

OSCILLATOR STRENGTH FOR PHOTOIONIZATION FROM 2P-LEVEL
2 6
NE-LIKE AL: IS"2S 2.P

ELECTRON DENSITY=2.2E+23  TEMP=50 EV

PHOTON ENERGY(RYD) 0SC.STRENGTH(1/RYD)
0.01 0.1027E-02
0.02 0.1101E-02
0.03 0.1185E-02
0.04 0.1366E-02
0.05 .- 0.1683E-02
0.10 0.6747E-02
0.20 0.3191E-01
0.50 0.2787E-01
1.00 0.2268E-01
2.00 0.2009E-01
5.00 0.1563E-01

10.00 0.1068E-01
12.00 0.9262E-02
15.00 0.7537E-02
20.00 0.5464E-02
30.00 0.3092E-02
50.00 - 0.1237E-02
100.00 0.2478e-03
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TABLE 4

OSCILLATOR STRENGTH FOR PHOTOIONIZATION FROM 1S-LEVEL
2 2 5
AL ION : s 2s ZP

ELECTRON DENSITY=2.2E+23 TEMP=50 EV

PHOTON ENERGY(RYD) OSC.STRENGTH(1/RYD)
0.01 0.1006E-02
0.02 0.3188E-01
0.03 0.5733E-02
0.04 0.7858E-02
0.05 0.9296E-02
0.10 " 0.1008E-01
0.20 0.7977E-02
0.50 0.6076E-02
1.00 0.5545E-02
2.00 0.5315E-02
5.00 0.5069E-02

10.00 0.4704E-02
12.00 0.4569E-02
15.00 0.4376E-02
20.00 0.4075E-02
30.00 0.3538E-02
50.00 0.2689E-02
100.00 © 0.1487E-02




TABLE5

OSCILLATOR STRENGTH FOR PHOTOIONIZATION FROM 2S-LEVEL
2 2 s
AL ION : g™ 2s ZP

ELECTRON DENSITY=2.2E+23 TEMP=50 EV

PHOTON ENERGY(RYD) OSC.STRENGTH(1/RYD)
0.01 0.3482E-02
0.02 0.1103E-01
0.03 0.1982E-01
. 0.04 0.2716E-01
0.05 0.3211E-01
0.10 .- 0.3473E-01
0.20 0.2737E-01
0.50 0.2056E-01
1.00 0.1835E-01
2.00 0.1684E-01
5.00 0.1420E-01
10.00 0.1098E-01
12.00 0.9976E-02
15.00 0.8704E-02
20.00 0.7038E-02
30.00 0.4809E-02
50.00 0.2550E-02
100.00 . ~ 0.8165E-03
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TABLE®6
OSCILLATOR STRENGTH FOR PHOTOIONIZATION FROM 2P-LEVEL
5
AL ToN : [g* 287 2p

ELECTRON DENSITY=2.2E+23 TEMP=50 EV

PHOTON ENERGY{(RYD) 0SC.STRENGTH(1/RYD)
0.01 0.1787E-02
0.02 0.1538E-02
0.03 0.1462E-02
0.04 0.1504E-02
0.05 0.1652E-02
0.10 .. 0.4203E-02
0.20 0.1878E-01
0.50 0.2823E-01
1.00 0.2303E-01
2.00 0.2015E-01
5.00 0.1564E-01

10.00 0.1070E-01
12.00 0.9277E-02
15.00 0.7551E-02
20.00 0.5476E-02
30.00 0.3097E-02
50.00 0.1237E-02
100.00 . © 0.2477E-03




TABLE 7

OSCILLATOR STRENGTH FOR PHOTOIONIZATION FROM 1S-LEVEL
2
| AL TON: |S 2522_P4'
ELECTRON DENSITY=2.2E+23  TEMP=50 EV

PHOTON ENERGY(RYD) 0SC. STRENGTH(1/RYD)
0.02 0.7035E-02
0.03 0.7789E-02
0.04 0.8168E-02
0.05 0.8333E-02
0.10 0.8253E-02
0.20  0.73128-02
0.50 0.5549E-02
1.00 0.5595E-02
2.00 0.5368E-02
5.00 0.5075E-02

10.00 0.4704E-02
12.00 0.4569E-02
15.00 0.4376E-02
20.00 0.4075E-02
30.00 ' 0.3540E-02
50.00 0.2694E-02
100.00 0.1488E-02




TABLE8

OSCILLATOR STRENGTH FOR PHOTOIONIZATION FROM 2S—LEVEL
2 2
AL ION: |s© 2s ZP/’

ELECTRON DENSITY=2.2E+23  TEMP=50 EV

PHOTON ENERGY(RYD) 0SC. STRENGTH(1/RYD)
0.02 0.2409E-01
0.03 0.2665E-01
0.04 0.2794E-01
0.05 0.2849E-01
0.10 0.2815E-01
0.20 " 0.2483E-01
0.50 0.1858E-01
1.00 0.1833E-01
2.00 0.1683E-01
5.00 0.1407E-01

10.00 - 0.1086E-01
12.00 0.9877E-02
15.00 0.8617E-02
20.00 0.6967E-02
30.00 0.4767E-02
50.00 0.2531E-02

100.00 0.8114E-03




TABLE9

OSCILLATOR STRENGTH FOR PHOTOIONIZATION FROM 2P-LEVEL
aL Ton: 8% 282 294'

ELECTRON DENSITY=2.2E+23  TEMP=50 EV

PHOTON ENERGY(RYD) 0SC.STRENGTH(1/RYD)
0.01 0.6903E-03
0.02 0.1471E-02
0.03 0.3150E-02
0.04 0.5769E-02
0.05 0.8491E-02
0.10 ... 0.1799E-01
0.20 0.2966E-01
0.50 0.2515E-01
1.00 0.2264E-01
2.00 0.2001E-01
5.00 ‘ 0.1544E-01

10.00 0.1057E-01
12.00 0.9169E-02
15.00 0.7469E-02
20.00 0.5422E-02
30.00 0.3069E-02
50.00 0.1225E-02
100.00 . 0.2461E-03




TABLE 10

0SCILLATOR STRENGTH FOR PHOTOIONIZATION FROM 1S-LEVEL
2 6
AL IoN : |8% 2% Q.P 3s

ELECTKON DENSITY=2.2E+23 TEMP=50 EV

PHOTON ENERGY(RYD) OSC.STRENGTH(1/RYD)
0.01 0.5854E-02
0.02 0.6898E-02
0.03 0.7021E-02
0.04 0.6924E-02
0.05 - 0.6786E-02
0.10 0.6211E-02
0.20 0.5818E-02
0.50 0.5641E-02
1.00 0.5402E-01
2.00 ' 0.5278E-01
5.00 0.5050E-01

10.00 0.4688E-01
12.00 0.4551E-02
15.00 0.4355E-02
20.00 0.4049E-02
30.00 0.3505E-02
50.00 . 0.2666E-02
100.00 0.1478E-02
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TABLE 11

OSCILLATOR STRENGTH FOR PHOTOIONIZATION FROM 2S-LEVEL
1
AL ION : 182 9258 Zpé 3s

ELECTRON DENSITY=2.2E+23  TEMP=50 EV

PHOTON ENERGY(RYD) OSC.STRENGTH(1/RYD)
0.01 0.2009E-01
0.02 0.2366E~01
0.03 0.2407E-01
0.04 0.2373E-01
0.05 - 0.2325E-01
0.10 0.2123E-01

" 0.20 0.1979E-01
0.50 0.1894E-01
1.00 0.1774E~01
2.00 0.1660E~01
5.00 0.1407E~01

10.00 0.1091E-01

12.00 0.9921E~02

15.00 0.8659E~02

20.00 0.7003E~02

30.00 ' 0.4785E-02

50.00 0.2149E-02

100.00 0.8159E-03




TABLE 12

OSCILLATOR STRENGTH FOR PHOTOIONIZATION FROM 2P-LEVEL
2
AL Ton: 1% 2S Q.Fé’ 3s

ELECTRON DENSITY-2.2E+23  TEMP=50 EV

PHOTON ENERGY(RYD) 0SC.STRENGTH(1/RYD)
0.01 0.2995E-03
0.02 0.6383E-03
0.03 0.1251E-02
0.04 0.2479E-02
0.05 0.4795E-02
0.10 | ..- 0.6495E-01
0.20 0.4336E-01
0.50 0.2520E-01
1.00 0.2204E-01
2.00 0.1988E-01
5.00 0.1543E-01

10.00 0.1051E-01
12.00 0.9106E-02
15.00 0.7410E-02
20.00 0.5381E-02
+ 30.00 '0.3060E—02
50.00 0.1229E-02
100.00 - 0.2468E-03




TABLE 13

OSCILLATOR STRENGTH FOR FREE-FREE TRANSITONS
NEON-LIKE ALUMINUM
ELECTRON DENSITY=2.2E+23 TEMP=50 EV

PHOTON ENERGY=0.370 AT.UNIT

E(INCIDENT) E(OUTGOING) OSCILLATOR STRENGTH +
(AT.UNIT) (AT.UNIT) (AT.UNIT)
1.00 1.370 0.1980E+01
2.00 2.370 0.8505E+02
5.00 5.370 0.2601E+02
10.00 : 10.370 0.5506E+02
15.00 15.370 0.9203E+02
20.00 20.370 0.1351E+03
25.00 25.370 0.1830E+03
30.00 30.370 0.2352E+03
50.00 50.370 il 0.2991E+03
70.00 , 70.370 0.3707E+03
100.00 100.370 0.4499E+03
150.00 150.370 0.5368E+03
200.00 200.370 0.6281E+03

* Sum of 1>(1-1) osc. strengths




TABLE 14

OSCILLATOR STRENGTH FOR FREE-FREE TRAﬁSITONS
NEON-LIKE ALUMINUM
ELECTRON DENSITY=2.2E+23 TEMP=50 EV

PHOTON ENERGY=0.370 AT.UNIT

E(INCIDENT) E(OUTGOING) OSCILLATOR STRENGTH *
(AT.UNIT) (AT.UNIT) (AT.UNIT)
1.00 1.370 0.1935E+02
2.00 2.370 0.4743E+02
5.00 5.370 0.9232E+02
10.00 : 10.370 0.1555E+03
15.00 15.370 0.2325E+03
20.00 20.370 | 0.3208E+03
25.00 25.370 0.4189E+03
30.00 30.370 0.5254E+03
50.00 50.370 T 0.6574E403
70.00 70.370 0.8069E+03
100.00 100.370 0.9744E+03
150.00 150.370 0.1160E+04
200.00 200.370 0.1357E+04

* Sum of 1>(1+1) osc. strengths




TABLE 15

OSCILLATOR STRENGTH FOR FREE-FREE TRA&SITONS
NEON-LIKE ALUMINUM
ELECTRON DENSITY=2.2E+23 TEMP=50 EV

PHOTON ENERGY=0.740 AT.UNIT

E(INCIDENT) E(OUTGOING) OSCILLATOR STRENGTH *
(AT.UNIT) (AT.UNIT) (AT.UNIT)
1.00 1.740 0.1917E+00
2.00 2.740 0.7512E+00
5.00 5.740 0.2469E+01
10.00 : 10.740 0.5598E+01
15.00 15.740 0.9739E+01
20.00 20.740 0.1467E+02
25.00 25.740 0.2024E+02
30.00 30.740 0.2635E+02
50.00 50.740 " 0.3402E+02
70.00 70.740 0.4269E+02
100.00 100. 740 0.5237E+02
150.00 150.740 0.6304E+02
200.00 200.740 0.7429E+02

* Sum of 1>(1-1) osc. strengths
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TABLE 16

OSCILLATOR STRENGTH FOR FREE-FREE TRANSITONS
NEON-LIKE ALUMINUM
ELECTRON DENSITY=2.2E+23 TEMP=50 EV

PHOTON ENERGY=0.740 AT.UNIT

E(INCIDENT) E(OUTGOING) OSCILLATOR STRENGTH *
(AT.UNIT) (AT.UNIT) (AT.UNIT)
1.00 1.740 0.4742E+01
2.00 2.740 0.1021E+02
5.00 5.740 0.1734E+02
10.00 10.740 0.2646E4+02
15.00 15.740 0.3713E+02
20.00 20.740 0.4911E+02
25.00 25.740 0.6223E+02
30.00 30.740 0.7634E+02
50.00 50.740 = 0.9347E+02
70.00 70.740 0.1127E+03
100.00 100.740 0.1340E+03
150.00 150.740 0.1576E+03
200.00 200.740 0.1825E+03
of 1>(1+1) osc. strengths




TABLE 17

0SCILLATOR STRENGTH FOR FREE-FREE TRANSITONS
NEON-LIKE ALUMINUM
ELECTRON DENSITY=2.2E+23 TEMP=50 EV

PHOTON ENERGY=1.295 AT.UNIT

E(INCIDENT)‘ E(OUTGOING) OSCILLATOR STRENGTH *
(AT.UNIT) (AT.UNIT) (AT.UNIT)
1.00 2.295 0.4104E-01
2.00 3.295 0.1223E+00
5.00 6.295 0.3603E+00
10.00 11.295 0.8347E+00
15.00 | 16.295 0.1495E+01
20.00 21.295 0:2304E+01
25.00 26.295 0.3238E+01
30.00 31.295 0.4277E+01
50.00 51.295 ~ 0.5621E+01
70.00 71.295 0.7164E+01
100.00 101.295 0.8907E+01
150.00 151.295 0.1085E+02
200.00 201.295 0.1291E+02

* Sum of 1>(1-1) osc. strengths




TABLE 18

0SCILLATOR STRENGTH FOR FREE-FREE TRANSITONS
NEON-LIKE ALUMINUM
ELECTRON DENSITY=2.2E+23  TEMP=50 EV

PHOTON ENERGY=1.295 AT.UNIT

E(INCIDENT) E(OUTGOING) OSCILLATOR STRENGTH *
(AT.UNIT) (AT.UNIT) (AT.UNIT)
1.00 2.295 0.1552E+01
2.00 3.295 0.3140E+01
5.00 6.295 0.4921E+01
10.00 11.295 0.6979E+01
15.00 16.295 0.9278E+01
20.00 21.295 0.1179E+02
25.00 26.295 0. 1448E+02
30.00 31.295 0.1734E+02
50.00 51.295 0.2072E+02
70.00 71.295 ~ 0.2446E+02
100.00 101.295 0.2857E+02
150.00 151.295 0.3306E+02
200.00 201.295 0.3778E+02

* 1>(1+1) osc. strengths




TABLE 19

OSCILLATOR STRENGTH FOR FREE-FREE TRANSITONS
NEON-LIKE ALUMINUM
ELECTRON DENSITY=2.2E+23  TEMP=50 EV

PHOTON ENERGY=2.220 AT.UNIT

E(INCIDENT) E(OUTGOING) OSCILLATOR STRENGTH *
(AT.UNIT) (AT.UNIT) (AT.UNIT)
1.00 3.220 0.4791E+00
2.00 4.220 0.9546E+00
5.00 7.220 0.1449E+01
10.00 12.220 0.1976E+01
15.00 17.220 0.2535E+01
20.00 22.220 0.3126E+01
25.00 27.220 0.3745E+01
30.00 32.220 0.4391E+01
50.00 52.220 0.5123E+01
70.00 72.220 = 0.5915E+01
100.00 102.220 0.6772E+01
150.00 152.220 0.7696E+01
200.00 202.220 0.8659E+01

* 1>(1+1) osc. strengths




TABLE 20

OSCILLATOR STRENGTH FOR FREE-FREE TRANSITONS
NEON-LIKE ALUMINUM
ELECTRON DENSITY=2.2E+23  TEMP=50 EV

PHOTON ENERGY=2.220 AT.UNIT

E(INCIDENT) E(OUTGOING) OSCILLATOR STRENGTH *
(AT.UNIT) (AT.UNIT) (AT.UNIT)
1.00 3.220 0.1293E-01
2.00 4.220 0.2996E-01
5.00 7.220 0.6580E-01
10.00 12.220 0.1374E+00
15.00 17.220 0.2416E+00
20.00 22.220 0.3740E+00
25.00 27.220 0.5308E+00
30.00 32.220 _ 0.7088E+00
50.00 52.220 0.9500E+00
70.00 72.220 0.1233E+01
100.00 102.220 0.1559E+01
150.00 152.220 0.1929E+01
200.00 202.220 0.2324E+01

* Sum of 1>(1-1) osc. strengths
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SAMPLE COMPUTER OUTPUT




b4

STEP STEP1
.310000E-02 0.500000E-03 0.130000E+02

o

USING THE DFT/INPUT POTENTIAL

.000000E+00
.310000E-02
.620000E-02
.930000E-02
.124000E-01
.155000E-01
. 186000E-01
.217000E-01
.248000E-01
.279000E-01
.310000E-01
.341000E-01
.372000E-01
.403000E-01
.434000E-01
.465000E-01
.496000E-01
.527000E-01
.558000E-01
.589000E-01

QOO OO0 COOOO0OODODOOQCOOOO

It
[y
[
#
o

ALPHA =
LAST ZERO
ALPHA =
LAST ZERO
ALPHA =
LAST ZERO
ALPHA =
LAST ZERO
ALPHA =
LAST ZERO
ALPHA =
LAST ZERO
ALPHA =
LAST ZERO
ALPHA =
LAST ZERO
ALPHA =
LAST ZERO
ALPHA =
LAST ZERO

POINT

POINT

POINT

POINT

POINT

POINT

POINT

POINT

POINT

POINT

[eloaololoNoRoRolaololoNoloNoloNoleNeNo o)

-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.

-0.

.130001E+02
.129925E+02
.129839E+02
.129743E+02
.129636E+02
.129521E+02
.129398E+02
.129267E+02
.129128E+02
.128983E+02
.128831E+02
.128673E+02
.128510E+02
.128341E+02
.128168E+02
.127990E+02
.127808E+02
.127622E+02
.127433E+02
.127240E+02

77000000E+02
I = 261
77099998E+02
I = 261
77199997E+02
I = 261
77299995E+02
I = 27N
77399994E+02
I = 271
77499992E+02
1= 271
77599991E+02
I = 271
77699989E+02
I = 271
77799988E+02
I = 271
77899986E+02
I - 271

ZR

ZR

ZR

ZR

ZR

ZR

ZR

ZR

ZR

ZR

Ne-like Al ion in

n

= 2.2E+23 T=

Al plasma
50 ev

Bound-Free cross-sections

o O©o O o

o o o o

from 1S-level

.28
.28
.28
.33
.33
.33
.33
.33
.33

.33




Yy —

ALPHA = ~0.77999985E+02
LAST ZERO POINT I = 271 ZR = 0.33
I ALPHA = ~0.78099983E+02
LAST ZERO POINT 1= 271 7R = 0.33
ALPHA = ~0.78199982E+02
l LAST ZERO POINT I = 27 ZR = 0.33
ALPHA = ~0.78299980E+02
LAST ZERO POINT I= 271 ZR = 0.33
ALPHA = ~0.78399979E+02
' LAST ZERO POINT I= 271 ZR = 0.33
ALPHA = ~0.78499977E+02
LAST ZERO POINT I= 271 ZR = 0.33
l ALPHA = ~0.78599976E+02
LAST ZERO POINT I = 281 ZR = 0.38
ALPHA = -0.78699974E+02
LAST ZERO POINT I = 281 ZR = 0.38
l ALPHA = -0.78799973E+02
LAST ZERO POINT I = 281 ZR = 0.38
ALPHA = ~-0.78899971E+02
l LAST ZERO POINT I = 281 ZR = 0.38
ALPHA = ~-0.78999969E+02
LAST ZERO POINT I = 281 ZR = 0.38
ALPHA = ~-0.79099968E+02
l LAST ZERO POINT I = 291 ZR = 0.43
ALPHA = ~-0.79199966E+02
LAST ZERO POINT I = 301 ZR = 0.48
' ALPHA = -0.79299965E+02
ALPHA = -0.79249969E+02
LAST ZERO POINT I = 321 ZR = 0.58
ALPHA = ~0.79274971E+02
ALPHA = ~0.79262474E+02
ALPHA = -0.79256226E+02
LAST ZERO POINT I = 341 7R = 0.68
ALPHA = -0.79259354E+02
l ALPHA = ~0.79257790E+02
ALPHA = -0.79257011E+02
ALPHA = -0.79256622E+02
l LAST ZERO POINT I = 351 ZR = 0.73
ALPHA = -0.79256821E+02
LAST ZERO POINT I = 361 ZR = 0.78
ALPHA = -0.79256920E+02
I ALPHA = -0.79256874E+02
MATCH1 = 251 MATCH2 = 267
l ALPHA = -0.79256874E+02 RATIO - 1.0 = -0.180399E-02
II NUCLEAR CHARGE = 13.0 Z = 1.0 DIPOLE POLARIZIBILITY = 0.0000
I SEMI-EMPIRICAL RADIAL WAVE FUNCTION
N= 1 L= 0 ENERGY (ATOM. UNITS) = -0.7925687E+02




oo jololoRelolololoNeolololololooloRoloRoloNoRoleoNoNloNoNe N

DEBYE LENGTH =

. 00000 0.00000E+00
.00050 0.46877E-01
.00100 0.93146E-01
.00150 0.13881E+00
.00200 0.18389E+00
.00250 0.22837E+00
.00300 0.27226E+00
.00350 0.31558E+00
.00400 0.35833E+00
.00450 0.40051E+00
.00500 0.44212E5+00
.00600 0.52369E+00
.00700 0.60307E+00
.00800 0.68031E+00
.00900 0.75545E+00
.01000 0.82B53E+00
.01100 0.89960E+00
.01200 0.96869E+00
.01300 0.10358E+01
.01400 0.11011E+01
.01500 0.11645E+01
.01700 0.12858E+01
.01900 0.14001E+01
.02100 0.15076E+01
.02300 0.16087E+01
.02500 0.17036E+01
.02700 0.17925E+01
.02900 0.18757E+01
.03100 0.19534E+01
.03300 0.20259E+01
EIGVAL
-0.792569E+02
-0.792569E+02
-0.792569E+02
-0.792569E+02
-0.792569E+02
-0.792569E+02
-0.792569E+02
-0.792569E+02

0.100000E+01

elajololoololooReoloRolololololololoNoReoNoReoloNoNoNoNoRe ol

ENERGY

.100000E+03
.500000E+02
.300000E+02
.200000E+02
. 150000E+02
.120000E+02
.100000E+02

.500000E+01

ATDIM =

.03500
.03900
.04300
.04700
.05100
.05500
.05900
.06300
.06700
.07100
.07500
.08000
.08500
.09000
.09500
.10000
.10500
.11000
.11500
.12000
.12500
.13500
. 14500
.15500
.16500
.17500
. 18500
.19500
.20500
.21500

0.000000E+00

.20933E+01
.22139E+01
.23167E+01
.24034E+01
.24751E+01
.25333E+01
.25791E+01
.26137E+01
.26380E+01
.26531E+01
.26597E+01
.26574E+01
.26448E+01
.26231E+01
.25935E+01
.25572E+01
.25151E+01
.24680E+01
.24169E+01
.23623E+01
.23050E+01
.21842E+01
.20585E+01
.19309E+01
.18037E+01
.16787E+01
.15574E+01
.14406E+01
.13292E+01
.12235E+01

[oleoloooNeoNolololololoNolooololeololoNoNoloNoloNaleoNoNoNeo]

INTEGRAL

.735737E-02
.110105E-01
.132855E-01
.146585E-01
.154090E-01
.158819E-01
.162093E-0"

.170761E-01

o O O O O

.22500
.25000
.27500
.30000
.32500
.35000
.37500
. 40000
.42500
.45000
.50000
.55000
.60000
.65000
.70000
.80000
.90000
.00000
.10000
. 20000
.40000
. 60000
.80000
.00000
.20000
. 40000
.60000
.80000
.00000
.20000

WWLWNNNNNNRE R R R RPO00000000Q0O0ODDDOO0O00O0

ool NoloNoloNeoloNoaNoNoNoNolololoNololololo ool oo Yoo Nae

xsect ( DF/DPE)

.148477E-02
.268212E-02
.353044E-02
.406986E-02
.437135E-02
.456345E-02
.469780E-02

.505896E-02

.11238E+0
.90107E+0
.71534E+0
.56325E+0
.44045E40
.34240E+0
.26483E40
.20394E+0
.15644E+0
.11959E+0
.69270E-0
.39729E-0
.22603E-0
«12774E-0
.71793E-0
.22370E-0
.68658E-0
.20818E-0
.62524E-0
.18637E-0
.16268E-0
.13944E-0
.11790E-0
.98670E-0
.81929E-1
.67618E-1
.55542E-1
.45448E-1
.37075E-1
.30067E-1




.792569E+02
.792569E+02
.792569E+02
.792569E+02
.792569E+02
.792569E+02
.792569E+02
.792569E+02
.792569E+02

.792569E+02

. O O O O o o o o o

.200000E+01
.100000E+01
.500000E+00
.200000E+00
.100000E+00
.500000E-01
.400000E-01
.300000E-01
.200000E-01

.100000E-01

o O o o O

o O

.176328E-01
.179889E-01
.187920E-01
.210821E-01
.253847E-01
.328018E-01
.343316E--01
.329822E-01
.250204E-01

.127382E-01

o O O O o o o o o o

.529522E-02
.547693E-02
.595815E-02
.748465E-02
.108446E-01
.181021E-01
.198288E-01
.182995E-01
.105303E-01
.272924E-02
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LISTING OF SAMPLE COMPUTER COPES:
FFNEW.FOR; DIFF.FOR; SIMP.FOR; WAVEF.FOR.




PROGRAM FFNEW

Calaulates photoabsorption cross sections for continum states in
the DFT potential

QMMN U(1751),FU(1751), FV(1751), (10, 1751),ARKL(10),
# BIK10),

1 Y(1751),QR(851),Q(85L),P(3,851),BNR(2),Z, STEP, ABC,IN(3),
2 LFA10),ICHICK(10)

COMNV/OC2/ LEOT, TORT, AVPL

QMMN /SCREEN/ GRID(851), YGRII(851)

DIMENSION ENRG(6) ,R(840) ,RVR(8/0)

eNoRoNeN=

Sum of D1+l matrix element is ffosc

FFIN contains input info for entinam states etc

POIB omtains the DFT potential

NUMERICAL CFRIVATTVE of potential is used in matrix element
FROUT contains program output of £-f cross section

FFOSC is osc.strength in at.unit

OPEN(INIT=005, FILE=" FFIN. DAT” , STATUS= OLD’ )
OPEN(UNIT=009, FILE="FOTB. DAT’ , STATUS="0LD' )
OPEN(UNIT=006, FIL E=' FFOUT. DAT" , STATUS="NEW' )

el oNoNoRoNoNoReoNoNe!

READ (5,13) ICHAK
13 FORMAT (1011)
READ(5,40)STEP, STEP1, 72
WRITE(06,4001)
4001 FORMAT(8X, / STEP” ,8X, ' STEP1’ )
WRITE(06,4000)STEP, STEPL, Z2
4000 FORMAT(1X, 3E13.6)
40 FORMAT(3E13.6)
WRITE(6,2050)
2000 RRAT(//,  USING THE DFT/INPUT POTENITAL/,//)
A-6450.0+SIEP1
Z=1.0
IRT=0
U(1)=0.0
LPOT=0
H-STEP
J=1
K=50
108 D0 109 I=J,K
U(T+1)=U(J)+(T-J+1)*H
109 ONTINE
IF (K-250) 110,111,200
110 H=2*STEP
J=51
K=250
@ T0 108
111 H=10xSTEP
J=251
K=1750
@ 10 108
2000 ONTINE




—

S AN & il &N B B B = e

[oReKe]

aQaaa

oXeoNe]

10 FORMAT (1E13.6)

VREAD reads in r and rV(r) vectors

CALL VREAD(R,RVR)
fill GRID and YRRID for interpolation

0 20 I-1,80
GRIXI)-R(T)

20 YGRII(T)-RVR(T)
D0 21 I-841,851
GRIXT)=0.0

21 YRRIXI)=0.0
o 22 I-1,851

22 (I)U(T)

CALL WAVEF(1.0,STEP,(R,Q)
0 23 I-1,851
GRIXT)-K(T)

23 Y(I)<(R(T)

o 2 1-851,1751
2 Y(I)0.0

Ein is the incident electron energy,Fout the emitted energy in at.unit

IM0.0
17 READ (5,10)EIN
QMEGA =14.80
EOUT=EIN + OMEGA
0 14 110,35
LPL = 1141
CALL DIFF(LL,EIN,1)
CALL DIFF(LLP1,B0UT,2)
®R(1)-0.
R(2)=0.
QR(851)=0.
0 100 13,850
TIA = Y(D)/U(D)-Y(I-1)/U(I-1)
B = Y(T+1)/U(T+1)-Y(I-1)/U(T-1)
XA = U(T)-U(I-1)
XIB = U(I+1)-U(I-1)
XI2 = (YDAXTB-YIBAXDA)/ (XDAAXTB*(XDA-XIB))
XI1 = YDA/XDA — XIZXDA
R(I) = XI1 + 2.5DARKE2
100 QR(L)=GR(I)AFKL(1, T)*FKI(2, )

CALL SIMP(X)
AR /OMEGA3
XLIP1-11P1
XL =1L
FROSC=(16.0XXLLP1*A)/3.0
C
C Sun over all 1 values
C
ML =SIMLAFFOSC
14 ONIINE
WRTTE (6,51)
51 FORMAT(//,5X,’(MBGA’,SX, 'EIN', 10K, ' BOUT” , 10X, ' +SLML )




WRITE (6,52)OMEGA, EIN, FOUT, SUML

l 52 RRWAT(/,4F13.6)
@ T 17
1200)
c
]
SEROUTTNE VREAD(R,RVR)
DIMENSICN R(840), RVR(820)
o
I c READS DFT EFFECTIVE POTENITAL RVR
c
READ(9,11)(R(1),1=1,840)
Il 11 FORMAT(6E13.6)
READ(%H)(RVR(I),I:].,B‘O)

WRTTE(06, 33)((R(1),RR(T)), I=1,100,4)
33 FORVAT(1X, E13.6, 2%, E13.6)
WRITE(6,106)
106 FORMAT(///)
FETURN
C
C

BD




SIBROUTINE DIFF(L, ENRG, IFKL)
C
C  Numerical Solution Of Continwm States of Schrodinger Eq.

c
l CQOMMIN U(1751),FU(1751),EV(1751) ,FKIL(10, 1751), AFKI10) ,BFKL(10)
1 Y(1751),QR(851),Q(851),P(3,851),ENR(2), Z, STEP, ARC, EN(3),
l 2 LFL10),ICHACK(10)
OMIN/CC2/ LEOT, ICRT, AMPL
DIMINSION FAC(150)
REALA8 BL,ENER,U4,B,C,AU,BU,QU,DU,B1, B2, B3,B4,B5, B6
I REALA8 BIG,CUG,DUG
LFKI(IFKL)=L
IF (L.LT.0) REIURN
l FNER-ENRG*1.. OD+Q0
Al-L
IF (ENRR.IT.0.0) @ TO 1325
IF (LPOT.E).0.AND.FNRR.LT.1D-03) @ TO 6010
l ENER-ENER/Z#+2
ST=1.0
J1-0
l Q0.0
Q1-0.0
IF (L.LT.10) @ TO 6006
IF (I(RT.NE.O) WRTTE (6,6013) L
I 6013 FORVAT (////,5X,14MARNNG L = ,I3,/5%, 37HFKL KR L.GT.9 ARE NOT
1 GRIHDQONALIZED, ////)
IRT=0
' Y1-=Y(17)-Y(1)
Y2-Y(33)-Y(1)
Z=(4XY1-Y2)/ (32+STEP)
Z2=(Y2-2%Y1)/ (S124STEP*+2)
| s
@ O 6007
6006 K=11
l Y1-Y(6)-Y(1)
Y2=Y(11)-Y(1)
Z1=(4*Y1-Y2)/(10*STEP)
Z2=(Y2-2%Y1)/ (SOXSTEP**2)
' IF (ICRT.HQ.0) G0 TO €007
ALY6)/U(6)**(L+1)
B=Q(11)/U(11)**(L+1)
' Q=2*A-B
IF (Q0.IT.0.0) Q0-0.0
Ql=(B-Q0)/U(11)
6007 BB->-Y(1)*ST/(AL+1.0)
l oc=( —2XY(1)*BB-2¥Z1XST-2HENERAST) / (4*AL+6..0)
OC=0C+Q0/ (4+81+6.0)
[D=( ~2XY(1)*OC-2¥Z1*BB-2¥Z2ST-2HNERAEB) / (6+AL+12.0)
l IDID+QL/ (6%AL+12.0)
FU(1)=0.0
B-1.0
1246 DO 1245 1=2,K
. AU(I)*B
TIF (L.EQ.0) @ TO 1245
l Do 6001 J-1,L




SR " s g - n ™ ANy Erasr e A~ Srray) I o

ABMU(T)
IF (ABS(A).IT.1E-20) A-0.0

6001 ONTINE

1245 FU(T)=(ST+BBAU(T )+OCHI(T )2+ [DAU(T)**3)+A
BL=1A(L+1)
IF (ABS(FUK)).LIT.1E-20) GO TO 6008
IF (20-K) 302,302,609

6008 J1=J1+1
B=10+B
Q@ TO 1246

6009 H=STEP*<2
K=50
Ki=10
K2-=11
K312

300 BU=1.0-(BL/UKL)*#+2-2 .CDCAY(K1 )/UKL)-2 .OMNERVA/12.0

CU=1.0-(BL/UQK2)**2-2 . (DOXY (K2) /U(K2)-2 . OENER )*1/12.0
DU=1.0-(BL/URE)**2-2. C0OXY(K3)/UE3)-2 . OENFR)*/12.0
AlE12.0-10.00CU
UA-FUK1)*1.000
UB=FU(K2)*1.000
BUG=1D0AQ(K1)
AG=100:Q(K2)
DUG=100+Q(K3)
Do 01 I42,K
UC=(ALMB-BUAIA) /DU
IF (IRT.M.0 ) G ™ €012
IF (1.GIL.850) Q0 To 6012
UCACHBUGHOGAGIUG)MY/12.0

6012 FU(I+1)4IC
IF (DABS(UC).LT.1E+25) QO TO 3050
J1=11-10
UBIB*1D-10
UCACA1D-10
T+

5000 FU(IM)=FU(IM)*1E-10
¥ (M.1.2) O T0 X0
IF (ABS(FU(JM)).LT.1E-20) QO TO 5002
JM=IM-1
@ TO 5000

5002 Do 5003 KM=2,M

5003 FUM)=0.0

350 B=CU
0120 1)

DU=1.0-(BL/U(T+2)%*2-2 . (D0*Y(1+2)/U(1+2)-2 . OENER)*/12.0

AJ12.0-10.04CU

UA<{B

IF (IRT.1).0.(R.I.GI.849) 0 TO Y01
BIGOG

a6

DUG=1D0*Q(1+2)




K=250
. @ T0 30
303 H=100XSTEP**2
K1=246
K2=251
I K3=252
K=1749
@ T0 30
I 04 FU(1751)=(AUAFU(1750)-BUHA) /TU
J=0
D0 349 1=10,1006
IF ((FU(T).LT.0.0.AND.FU(T+1).GT.0.0) .(R. (FU(T) .GT.0.0. AD.
I 1 RU(I+L).IT.0.00) J=Jil
3049 ONTINE
K=1
: MAMPL=0
| . D0 X6 I-1006, 1748
TF ((FU(T).LT.0.0.AD.FU(T+1).GT.0.0).(R. (FU(T).GT.0.0.AD.
1 FY(I+1).1T.0.0)) @ TO X6
' @ TO 999
306 Bl=FU(I-2)*1.0D+00
BO-FU(T-1)-Bl
l B3=(FU(T)-B1-2*82)/2.0
B4=(FU(T+1)-B1-3*B2-6+B3)/6.0
B5=(FU(T+2)-B1-4*B2-12%B3-24*B4)/24.0
Bo=(FU(T+3)-B1-5B2-20+B3-60*B4-120+85),120.0
I BU(T)+104STEPXABS(FU(T) )/ (ABS(FU(T) +ABS(FU(I+1)))
Di-B- U(I-2)
-8 W(I-1)
N D3=B- U(I)
. DB~ U(T+1)
D6-B- U(1+2)
D6=B- U(I+3)
. C-0.1/STEP
AC HB2+CHCAB3* (D402 )+ Cr 3B (DAL DIADBHIRADG )+ Ok AR5
1 (DG DAY DIABADA DAL ) +Ck5  *BGA(DADZADBADG+
2 DIADABAA DA ADAATHDIADBADAADD DA ADD )
D=Y(I)+C *(BUI))*(Y(I+1)-Y(I))
C=-BL/Bx*2+2 .0/ D/B+2 .OXFINER
IF (C.IT.0.0) MAYPL-1
IF (C.IT.0.0) @ T0 999
C=ABS(C)
C=SEKI(C)
C=SRI(C)
FAC(K)=ABS(C/ (A*SRT(Z)))
IF (ICHBK(1).MNE.Q) WRITE (6,703) L,K,B,FAC(K)
703 FORMAT (215,F10.4,E20.8)
KK+l

./

IF (K.1.71) @ 10 300

KK-1

IF (MAMPL.EQ.1) J0

IF (MAMPL.IQ.1.AD.K.].0) WRIIE (6,6011) L, ING
IF (K.!M.0) @ 10 1220

DO 307 1=1,K

l A6 CONIINE




07 AAFAC(T)
BK
AA/B
IF (J.].0) AFACK)
AMPLA
@ T0 1221
1220 WRITE (6,1222) L
AMPLO.0
1222 FORMAT (10K, 29FAMPLITUCE NOT [ETFRMINED L =, IS)
@ T0 1325
1221 DO 308 1=1,1750
J=1752-1
B=AXFU(J)
IF (ABS(B).GI.1E-08) G0 TO 6000
B=FU(J-1)*A
IF (ABS(B).IT.1E-0B) QD TO 3046
6000 CNTINE
308 FU(J)-B
@ TO 3047
34 D0 48 1=1,J
048 AX(1)=0.0
047 ONTINE
B=15450*STEP
A=(BL/B*24+2%Y(1751) /B+2ENER ) *Z¥Z,
A=ABS(A)
A=SRT(4)
ASRT(A)
ABFFU(1751)
IF (ABS(A).GT.0.9) G0 10 1210
@ T0 1212
1210 1=1751
401 I=I-2
IF (FU(T)/FU(1751).1T.0.71) GO TO 4000
@ TO 4001
4000 A=2.05LPOT/U(T  )-BL/U(T  Y**2+2XENER
ASRT(A)
Bl1=S(RT(A)*SRI(Z)
D0.0
J=I
4002 B=2.0XL.POT/U(T+1)-BL/U(T+L)**2+ 2AENER
B=S(RT(B)
C=2.OALPOT/U(T1+2)-BLAU(T+2) %% 2+ 24ENER
C=9EKTI(C)
DDvAHPBAC
I=1+2
AC
TF (I.IT.1751) & TO 4002
D-D*10.0*%STEP/3.0
ABI*FU(J)
c=1.0
IF (Fi(J+': UI.FU{J)) &=1.0
B=CAP™(1.0-A*A)
C=SIN(I;
DO25(D)
AFKI(TFKL)ADBC
BRQ(TEKL)=-BD-A*C
@ TO L0R



1212 1.0
IF (FU(1751).LT.FU(1750)) C=-1.0
B=CASRT(1.0-A%A)
1213 AFKI(TFKL)-A
BRKL(TFKL)-B
4003 DO 52 I-1,1751
052 FKI(IFKL, I)=FU(I)
RETURN
1325 Do 1326 1-1,1751
1326 F(I)=0.0
A0.0
B=0.0
@ 0 1213
40 AAXINERXZA42
IF (L.BQ.0) WRIIE (6,3041) AAX
041 FORMAT (//, 10K, 2CHENERGY (AT. UNITS) =,E15.6/10K,97HPROGRAM MAY ND
1T GIVE CORRECT AMPLITULE OF OUNTINUUM FUNCTIONS AT SUCH HIGH ENERG
2Y - TRCREAE, STEP,//)
& TO 3042
6010 WRTIE (6,6011) L,INRG
6011 FCRMAT (/, 10K, S3HWARNING - PROGRAM CANNUT OOMPUTE FKL FOR SMALL EN
1ERGY/10K, 4HL = , 15,10, SHENERGY = ,E14.6)
0 T0 1325
D




SBROUTTNE WAVEF(Z, STEP,Q,U)
DIMENGICN Q(851),U(851),FU(1751),FV(1751)
DIMENSION NP(14),ZET(14) ,(LRM(14), TPL(1751)
OOMMIN /SCREEN/ GRIIX(851),, YGRII(851)
KMAX MAY BE SET BQUAL TO 14 IF NIMBER OF TERMS IN THE EXPANSI(N
FR THE RADTAL WAVE FUNCTION IS GREATER THAN 7
RMAX=7
READ (5’1) M, (NP(I)rI=19KMAX)
IF (M.GT.0) @ T0 2
1 FORMAT (1512)
READ (573) (ZEI(I)rI=1)n1AX)
READ (5,3) (CLEM(T),I=1,RMAX)
3 FORMAT (7F10.5)
Do 23 I=]1,KMAX
M=2P(T)
A2X7EI(T)
BA

IF (M.H0.0) © 0 2%
00 25 MF=1,M
25 A-MF
CLEM(T)=CLEM(I)*B+ANP(T)
2% CLERM(T)-CLEM(T)*SCRT(A)
23 CONTINLE
(1)=0.0
00 26 1-2,851
RU(T)/Z
¢0.0
0 27 J=1,KMAX
IF (P(J).1.0) @ O 31
ARNZEL(J)
TF (A.GT.23.0) @ TO 28
B-EXP(-A)
@0 29
28 B0.0
29 C-C+BARANP(JYHCLEM(J)
27 CONTINLE
31 (I)=C
26 CONTINLE
RETURN
2 IF (M.H0.2) @ T0 101
IF (M.H.1) @ T0 112
0 113 I-1,851
113 FY(I)=YGRIXTI)
0 115 I-852,1751
115 FV(T)=YGRID(851)
112 (INTINE
J1
K=10
RMAX-GASOASIEP/Z
11 TF (M.B0.1) READ (5,5) (FI(T),I=J,K)
IF (M.H0.1) @ 0 110
oo 111 I-J,K
111 FKT)=GRIXT)
110 CONTINE
5 FORMAT (10F8.5)
IF (FUK).LT.R¥AX) @ TO 6




2 Bl BN Il N B En B aw e

WRITE (6,7)
7 FRAT (//,10, 62HARNING - WAVE FUNCTION EXCEFDS ALLOWED REGION -
1 INCREASE STEP)
SIoP
6 IF (K.IE.1740) @ T0 8
WRITE (6,9)
9 RIRVAT (//, 10X, 68HWARNING — WAVE FUNCTION GIVEN BY NIMBER OF VALLE
1S GREATER THAN 1740)
SIop
8 IF (FU(K).GT.0.0) G T0 10
INK-10
DT 12
10 J=J+10
KK+10
@M1
12 p0 13 I=],IN
13 FU(T)=FU(I)*Z
A-FU(IN)-FU(IN-1)
D0 14 I=IN,1730
14 FU(I+1)=FU(T)+A
IF (FU(1751) .GT. 6450*SIEP) G0 TO 103
FU(1751) = G450*STEP + 5.0
1B0WINI=1, 1751
100 TPL(T) = FU(T)
DT 4
10112 I=1, 1/51
102 F(T) = TPI(T)
4 TF (M.B0.3) @ O 114
READ (575) (FV(I)91=171N)
o151 =1, 1730
15 FV(I+1) = 0.0
114 GNTINE
1) =0.0
D16I=2 81
017J=1, 151
IF (FU(J) .GI. U(I)) G T0 18
17 GNTINEE
18 A = FU(J+1) - FUQJ - 1)
B=FHRU)-NJ-1)
C = FU(J+1) - FU(J)
QI)=FV(I-1)+((FV(J)-FV(J-1) Y&+ (FU(J+1)-U(T))+(FV(J+1)-FV(J-1))
1 #B(UID)-FUI))*UI)-FUU-1))/ (ABXC)
16 ONTINE
IF (M.50.3) ((1)=22(2)-0(3)
RETURN
BD




801
802

803

804

805

1
2

SUBROUTINE SIMP(THETA)
COMMON U(1751),Fu(1751),Fv(1751),FKL(10,1751),AFKL(10),BFKL(10),

Y(1751),0R(851),0(851),P(3,851) ,ENR(2),Z,STEP,ABC,EN(3),
LFKL(10),ICHECK(10)

H=STEP

THETA=H*(4.0*QR(2)+QR(3))/3.0

JA=3

Ka=49

DO 802 IA=JA,KA,2

THETA=THETA+H* (QR(IA)+4*QR( IA+1)+QR(IA+2))/3.0
IF (KA-249) 803,804,805
H=2*STEP

JA=51

KA=249

GO TO 801

Y=10Q*SVED

Ja=251

KA=849

GO TO 801

RETURN

END




